WT lactose permease of Escherichia coli (LacY) reconstituted into proteoliposomes loaded with a pH-sensitive fluorophore exhibits robust uphill H + translocation coupled with downhill lactose transport. However, galactoside binding by mutants defective in lactoseinduced H + translocation is not accompanied by release of an H + on the interior of the proteoliposomes. Because the pK a value for galactoside binding is ∼10.5, protonation of LacY likely precedes sugar binding at physiological pH. Consistently, purified WT LacY, as well as the mutants, binds substrate at pH 7.5-8.5 in detergent, but no change in ambient pH is observed, demonstrating directly that LacY already is protonated when sugar binds. However, a kinetic isotope effect (KIE) on the rate of binding is observed, indicating that deuterium substitution for protium affects an H + transfer reaction within LacY that is associated with sugar binding. At neutral pH or pD, both the rate of sugar dissociation (k off ) and the forward rate (k on ) are slower in D 2 O than in H 2 O (KIE is ∼2), and, as a result, no change in affinity (K d ) is observed. Alkaline conditions enhance the effect of D 2 O on k off , the KIE increases to 3.6-4.0, and affinity for sugar increases compared with H 2 O. In contrast, LacY mutants that exhibit pH-independent high-affinity binding up to pH 11.0 (e.g., Glu325 → Gln) exhibit the same KIE (1.5-1.8) at neutral or alkaline pH (pD). Proton inventory studies exhibit a linear relationship between k off and D 2 O concentration at neutral and alkaline pH, indicating that internal transfer of a single H + is involved in the KIE.
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deuterium isotope effect | membrane transporters | pH fluorophores | stopped-flow | substrate binding T he lactose permease of Escherichia coli (LacY) is arguably the most extensively studied membrane transport protein, with several available crystal structures (1) (2) (3) (4) , mutagenesis of each residue (5) , and a wealth of biochemical/spectroscopic data regarding the conformational changes resulting in alternating access, as well as the symport mechanism (reviewed in refs. 6 and 7). LacY is a member of the major facilitator superfamily (8, 9) and catalyzes the coupled stoichiometric translocation of a galactoside and an H + (galactoside/H + symport) across the bacterial cytoplasmic membrane, thereby transducing free energy stored in an H + electrochemical gradient (Δμ ∼ H +) into a sugar-concentration gradient. Because transport is obligatorily coupled, downhill transport of galactoside also drives uphill transport of H + with generation of Δμ ∼ H +, the polarity of which is dictated by the direction of the sugar-concentration gradient. The highly dynamic nature of LacY (reviewed in ref. 7 ) is consistent with an alternating access mechanism involving a global conformational change in which sugar-and H + -binding sites are alternatively exposed to either side of the membrane (reviewed in ref. 10) .
In the kinetic model of transport proposed originally (11) and supported by subsequent findings (reviewed in refs. 7 and 12), protonation is required for sugar binding to LacY. Galactosidebinding affinity decreases as pH is increased, with pK a ∼10.5, indicating that LacY is protonated over the physiological pH range (13, 14) . Pre-steady-state kinetic studies reveal that decreased affinity at alkaline pH is caused by a dramatic increase in the rate of sugar dissociation (k off ), whereas the forward rate (k on ) is independent of pH. Moreover, mutational analyses demonstrate that the residues located in the H + -binding site define the pK a for sugar binding and alter galactoside-binding affinity (14) . The amino acyl side chains involved in H + binding/ translocation (1-3) form a tightly interconnected H-bond/salt bridge cluster (Arg302, His322, Tyr236, and Asp240) in the middle of the molecule with Glu325 and Lys319 within 5 Å on opposite sides of the cluster (Fig. S1) . Mutations in the core of the H + -binding site decrease sugar affinity (14) and may cause uncoordinated opening and closing of the cavities in LacY (15) . In contrast, replacing Glu325 (e.g., with an uncharged side chain) blocks H + escape from the central core, and high-affinity galactoside binding is maintained up to pH 11.0. The findings suggest that the alkaline pK a observed for sugar binding is not related to a single amino acyl side chain but appears to be associated with a network of residues that include coordinated water molecule(s) (14, 15 (Fig. S2) . Proteoliposomes containing WT LacY and loaded with pyranine exhibit no change in fluorescence after mixing with sucrose or buffer alone (Fig. 1A, traces 1 and 2 , respectively). However, addition of lactose generates a decrease in fluorescence (trace 3), indicating acidification of the interior of the proteoliposomes, and equilibrium is reached within 20 s (t 1/2 is ∼3 s with 12 mM lactose). The same proteoliposomes pretreated with N-ethylmaleimide, which blocks sugar binding and transport by alkylating Cys148 (20) , do not exhibit any change in fluorescence after mixing with substrate (trace 4).
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The authors declare no conflict of interest. Moreover, proteoliposomes reconstituted with mutant E325A, which does not catalyze lactose/H + symport (21) (22) (23) (24) (25) (26) , exhibit no acidification whatsoever after mixing with lactose (traces 5 and 6). Binding of galactoside with the same proteoliposomes, as measured by Trp151→4-nitrophenyl-α-D-galactopyranoside (NPG) FRET (27) , is rapid, with similar rates for WT and E325A LacY (Fig. 1B) . Therefore, substrate appears to bind to LacY that already is protonated, because no detectable H + binding or release is observed in proteoliposomes when overall symport does not occur.
Substrate Binds to Protonated LacY. Addition of a saturating concentration of β-D-galactopyranosyl-1-thio-β-D-galactopyranoside (TDG) to purified LacY in unbuffered DDM solution containing pyranine does not elicit any change in pH, which would be expected if a stoichiometric amount of H + were bound or released ( Fig. 2A) . In contrast, with the antiporter EmrE as a positive control (16, 17) under identical conditions, release of ∼0.7 mol of H + per mol of EmrE monomer is observed upon the addition of tetraphenylphosphonium (TPP + ) (Fig. 2B , black trace), as shown previously by Schuldiner and coworkers (16) (17) (18) (19) . Furthermore, shifting the pH to a more alkaline region also does not result in a change in fluorescence upon the addition of TDG to WT LacY (Fig. S3A ), as monitored with 5-(and 6-) carboxynaphthofluorescein (CNF), which has higher pK a than pyranine (Fig. S2 ). However, under the same conditions, sugar binding is detected readily by Trp151→NPG FRET (Fig. S3B) .
Testing different LacY mutants at pH 8.3 with CNF as the pH probe also shows no change in pH upon TDG binding (Fig. 3) . Notably, each mutant binds galactosides under these conditions, although they exhibit different pK a s for sugar-binding affinity ( Fig. S4) (14) . The C154G mutant has the same pK a (∼10.5) as WT LacY, whereas mutants R302K and Y236A display pK a s of 8.0-8.4, and E325A exhibits high sugar-binding affinity that is independent of pH up to pH 11. Clearly, therefore, with neither WT LacY nor any of the mutants tested does binding of galactoside elicit any change in ambient pH. (Fig. 4 A and B) . The finding is not caused by an effect of viscosity on sugar binding, because 10% glycerol, which increases viscosity more than 98% D 2 O (28), does not change the binding rate significantly (Fig.  4B ). In addition, prolonged preincubation of NPG in D 2 O does not change the binding kinetics (Fig. S5) , thus excluding an effect of sugar deuteration on binding rates. k off measured by displacement of bound NPG with an excess of TDG also is significantly slower in D 2 O than in water (Fig. 4C) The pK a of ∼10.5 for sugar-binding affinity measured for LacY results from a dramatic increase of k off at alkaline pH, whereas k on is independent of pH (13, 14) . Therefore, displacement rates and NPG-binding affinities were measured in H 2 O and D 2 O at a pH (pD) of 10 ( Fig. 5) . Stopped-flow rates of NPG displacement by TDG (k off ) measured in H 2 O are significantly faster at pH 10 than at neutral pH (compare gray traces in Figs. 4C and 5A ). An effect of D 2 O on k off is observed at both pH values but is much more pronounced in alkaline conditions, where k off decreases by a factor of 3.6-4.0 (Figs. 4C, 5A , and 6 C and D and Table 1 ). The K d for NPG is determined from the amplitude of the stopped-flow traces at different NPG concentrations (Fig. 5B) . Sugar-binding affinity decreases greatly in aqueous solution at pH 10, (the K d increases from 16 μM at pH 7 to 240 μM at pH 10). Remarkably, the decrease in affinity (i.e., increase in K d ) is significantly smaller when measured in D 2 O at pD 10 (K d = 76 μM). The effect of D 2 O on the pH dependence of k off described for C154G LacY also is observed for WT LacY (Fig. 6 A and B) . The KIE calculated from rates of NPG displacement (k off ) increases from 1.5 at pH (pD) 7.0 to 3.6 at pH (pD) 10.0 (Table 1) .
A KIE also is observed with three LacY mutants that have significantly different pK a s for sugar-binding affinity. Mutants E325Q and K319L bind sugar with high affinity up to pH 11.0, whereas K319R binds sugar in a manner similar to WT LacY with pK a ∼10.5 (14) . All the mutants exhibit KIEs at neutral pH similar to WT LacY, with values ranging from 1.5-2.0 (Fig. 6 , Left and Table 1) . Notably, at pH 10.0 the KIE for mutants E325Q and K319L remains independent of pH (pD) (Fig. 6 , Right and Table 1 ), whereas the KIE for mutant C154G and K319R (4.0 and 3.6, respectively) is very similar to that obtained for WT LacY.
Because the H + concentration in the surrounding medium does not change with galactoside binding to LacY (Figs. 2 and 3 and Fig. S3) , and a D 2 O effect is observed at neutral pH (KIE 1.5-2.0) and at alkaline pH (KIE 3.6-4.0), the possibility arises that more than one H + is involved with the binding reaction. Therefore, the proton inventory technique was used (29) (30) (31) (32) , and NPG displacement rates (k off ) were determined at neutral and alkaline conditions at increasing concentrations of D 2 O (Fig. 7) . As shown, WT LacY and the four mutants described above exhibit a linear relationship between k off and D 2 O concentration at pH (pD) 7.0 or 10.0. The data suggest that a single H + is involved in the KIE. The slope of the line is greater at pH (pD) 10.0 than at pH (pD) 7.0 for WT LacY, C154G, and K319R, corresponding to higher KIEs for these proteins under alkaline conditions (Table 1) and reflecting pH-dependent sugar binding (14) . In contrast, mutants E325Q and K319L display similar KIEs at both pH values, in agreement with pH-independent sugar binding, and similar D 2 O effects on k off at pH (pD) 7.0 or 10.0 (Fig. 7 E, F, I , and K).
Discussion
As expected, downhill transport of sugar by LacY is obligatorily coupled to H + translocation and thereby causes acidification of the interior milieu of proteoliposomes. Alkylation of Cys148 in the vicinity of a sugar-binding site prevents sugar binding and completely blocks lactose/H + symport. Also, no acidification is observed with mutant E325A, which binds galactoside normally (Fig. S4 E-H) . but is defective in reactions that involve net H + translocation (21) (22) (23) (24) (25) (26) . Therefore, binding of sugar alone is not followed by binding or release of a stoichiometric H + on the cytoplasmic side of LacY inside the proteoliposomes. Thus, protonation or deprotonation as the direct result of galactoside binding was investigated with purified proteins solubilized in DDM at high protein concentrations.
No change in ambient pH is observed upon sugar binding to WT LacY or mutants C154G, E325A, R302K, and Y236A under conditions in which ligand binding to EmrE results in dissociation of close to a single H + /mol of EmrE monomer, as shown by Schuldiner and colleagues (16, 17) . Notably, mutants Y236A or R302K in the core of the H + -binding site exhibit markedly decreased affinity (i.e., increased K d ) and shifted pH dependence of sugar-binding affinity (pK a = 8.0-8.4) compared with WT LacY (pK a = ∼10.5) (14) . No pH change is detected at pH 8.3 upon sugar binding with these mutants, thereby suggesting that LacY must already be protonated before sugar binds. Similarly, no change in ambient pH is observed upon sugar binding by E325A LacY, where high-affinity NPG binding is independent of pH up to pH 11.0.
Protonation is required for sugar binding under physiological conditions (13) , and the results presented here support and extend this interpretation. Mutational analysis reveals that interaction of H + with several amino acid residues, which form a tightly interconnected H-bond/salt bridge cluster (Fig. S1B) , is essential for high-affinity sugar binding (14) . Substitution of deuterium for protium should affect proton transfer within the H + -binding site and therefore may alter reaction rates that depend on protonation/deprotonation. Hence, the effect of D 2 O on the kinetics of sugar binding to WT LacY and mutants was investigated. Previously it was shown that D 2 O decreases the rate of downhill lactose transport with no effect on the rate of Δμ ∼ H + -driven uphill transport or equilibrium exchange (33) . These and other findings (11, 25, 26, 34) support the conclusion that the rate-limiting step for downhill lactose/H + symport is deprotonation and that this step no longer is rate-limiting when there is a driving force on the H + in the form of Δμ ∼ H + or when sugar transfer across the membrane does not involve H + translocation (25, 26) .
The enhanced affinity for NPG observed in D 2 O at pD 10 results specifically from an increased KIE on k off . The measured KIE is 3.6-4.0 for WT LacY and the mutants that exhibit a pK a of ∼10.5 ( Table 1 ). The much slower k off observed in D 2 O compared with H 2 O could be explained either by an increase in the true KIE at alkaline pH or by a general pK a shift toward the alkaline region (Fig. S6) . Modeling pH dependencies in D 2 O demonstrates that it is not possible to discriminate between the alternatives experimentally ( Fig. S6 ; compare curves 2 and 3 at pH 10-11).
The requirement for protonation preceding sugar binding by LacY and a significant KIE in D 2 O motivated an attempt to assess the number of H + involved by using the proton inventory technique (29) (30) (31) (32) . When the dependence of k off on D 2 O concentration is measured with purified WT LacY and four mutants at pH (pD) 7.0 or 10.0, no significant deviation from linearity is observed (Fig. 7) . Thus, it is likely that a single proton is responsible for deuterium isotope effect on sugar-binding rates.
Materials and Methods
Materials. Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. Restriction enzymes were purchased from New England Biolabs. The QuikChange II kit was purchased from Stratagene. TDG was obtained from Carbosynth Limited. NPG, 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), and pyranine were obtained from Sigma-Aldrich. Talon Superflow Resin was purchased from BD Clontech. CNF was from Life Technologies. DDM and octyl-β-D-glucoside (OG) were obtained from Affymetrix. Synthetic 1-palmitoyl-2-oleyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleyl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG) were from Avanti Polar Lipids, Inc. D 2 O (>99% vol/vol) was obtained from Spectra Stable Isotopes. All other materials were of reagent grade and were obtained from commercial sources. Purified EmrE was a generous gift from Shimon Schuldiner (Hebrew University of Jerusalem, Jerusalem, Israel).
Construction of Mutants, Purification of LacY, and Reconstitution into Proteoliposomes. Construction of mutants, expression in E. coli, and purification of LacY were performed as described (37) . All mutants contained a Cterminal 6-His tag that was used for affinity purification by cobalt affinity chromatography on Talon resin. Purified proteins (10-15 mg/mL) in 50 mM Values for k off were determined as described in Fig. 6 . Estimated pK a values for sugar-binding affinity are from ref. 14. NaP i /0.02% DDM (pH 7.5) were frozen in liquid nitrogen and stored at −80°C until use. Reconstitution of LacY into proteoliposomes was carried out with synthetic phospholipids (POPE/POPG ratio 3:1) by using the dilution method (38) . Briefly, purified LacY in 0.02% DDM was mixed with phospholipids (40 mg/mL) dissolved in 1.2% OG maintaining a lipid-to-protein ratio of 5 (wt/wt). The mixture was kept on ice for 20 min and then was diluted quickly in 50 mM NaP i (pH 7.5) so that final concentration of OG decreased to ∼0.01% (critical micelle concentration = 0.53%). After 5 min stirring at room temperature, the proteoliposomes were collected by centrifugation for 1 h at 100,000 × g and were subjected to two cycles of freezethaw/sonication before use. Loading of proteoliposomes with pyranine was performed by sonication (39) . Proteoliposomes (0.25 mL with protein concentration 2 mg/mL) were mixed with 2.25 mL (111 mM) KCl containing 0.6 mM pyranine, were sonicated in the water bath, and were subjected to two cycles of freeze-thaw/sonication. Excess pyranine was removed by gel filtration on a G-25 Sephadex column (1.5 × 12.0 cm) equilibrated with 5 mM KP i /100 mM KCl (pH 7.5). Pyranine-loaded proteoliposomes completely separated from the free fluorophore were collected in 3.5-4 mL.
Fluorescence Measurements. For experiments in which pH was monitored, proteins were equilibrated with unbuffered solutions using Amicon Ultra concentrators with a cutoff of 50 kDa for LacY and 10 kDa for EmrE. The starting pH level of solutions containing an indicated pH-sensitive fluorescent probe and 4-10 μM protein was measured with a pH-meter and adjusted by the addition of small aliquots of diluted NaOH or HCl. Binding/ release of H + was quantified by measuring fluorescence intensity in a pH range around the pK a of the fluorophore. Steady-state fluorescence was monitored at room temperature on a SPEX Fluorolog 3 spectrofluorometer (Horiba) in a 2.5-mL cuvettete with constant stirring. Typically additions of 1-5 μL were made during the time course of fluorescence monitoring. Stopped-flow measurements were performed at 25°C on a stopped-flow device (dead-time 2.7 ms) using an SLM-Aminco 8100 spectrofluorimeter (SLM Instruments) modified by OLIS, Inc. as described (27) . Alternatively, an SFM-300 rapid kinetic system equipped with TC-50/10 cuvettete (dead-time 1.2-1.5 ms) with an MOS-450 spectrofluorimeter (Bio-Logic USA, LLC) was used as described (40) . Typically, 10-15 stopped-flow traces were recorded for each data point, averaged, and fitted with an exponential equation using the built-in Bio-Kine32 software package or by using Sigmaplot 10 (Systat Software Inc). All concentrations given are final concentrations after mixing. (98% final concentration) . The pH was adjusted by the addition of small aliquots of either HCl or NaOH with a pH meter (pD = pH + 0.4). Given ratios of D 2 O/H 2 O-based solutions were prepared for the proton inventory experiments by mixing appropriate volumes of stock solutions. Small aliquots of concentrated proteins or sugars were diluted in the same buffers and used immediately for stopped-flow measurements.
